[1] The degree to which short-duration, transient floods modify wetland-atmosphere exchange of energy, water vapor, and carbon dioxide (CO 2 ) is poorly documented despite the significance of flooding in many wetlands. This study explored the effects of transient floods on salt marsh-atmosphere linkages. Eddy flux, micrometeorological, and other field data collected during two tidal phases (daytime versus nighttime high tides) quantified the salt marsh radiation budget, surface energy balance, and CO 2 flux. Analysis contrasted flooded and nonflooded and day and night effects. The salt marsh surface energy balance was similar to that of a heating-dominated sparse crop during nonflooded periods but similar to that of an evaporative cooling-dominated, well-watered grassy lawn during flooding. Observed increases in latent heat flux and decreases in net ecosystem exchange during flooding were proportional to flood depth and duration, with complete CO 2 flux suppression occurring above some flood height less than the canopy height. Flood-induced changes in the salt marsh energy balance were dominated by changes in sensible heat flux, soil heat flux, and surface water heat storage. Parameters suitable for predicting the salt marsh surface energy balance were obtained by calibrating common models (e.g., Penman-Monteith, Priestley-Taylor, and pan coefficient). Biophysical controls on salt marsh-atmosphere exchange were identified following calibration of models describing the coupling of canopy photosynthesis and stomatal conductance in the salt marsh. The effects of flooding on salt marsh-atmosphere exchange are temporary but strongly affect the marsh water, carbon, and energy balance despite their short duration. 
Introduction
[2] Transient floods are characteristic of many wetlands, yet the balances of energy, water, and carbon dioxide between wetlands and the atmosphere are typically measured during nonflooded conditions. Given that nonflooded wetlands are known to exert disproportionate influence on the global land-atmosphere exchange of energy, carbon, and water relative to their land area [Broström et al., 1998; Carrington et al., 2001; Krinner, 2003] , quantifying the impacts of flooding on wetland-atmosphere mass and energy fluxes is essential, but the challenges to doing so are many. In inland wetlands, transient floods due to intense rainfall events occur very quickly and with little warning, which increases the difficulty of collecting field data on wetland-atmosphere exchange during specific flood events. Intertidal wetlands, in contrast, are useful model systems for isolating the effects of flooding because the inundation is predictable. Flood durations in the intertidal zone are long enough to perturb salt marsh environmental conditions (e.g., soil temperature, saturation [Ursino et al., 2004; Li et al., 2005] ) but short enough for flooding to occur multiple times during a short study period, permitting replicate flood monitoring during fairly stable, short-term meteorological windows. The effects of short-duration, transient floods on the wetland surface energy balance and hydrologic cycle of frequently flooded intertidal salt marshes are poorly documented.
[3] Tidal wetlands occur globally along protected coastlines from the tropics to the arctic. Seldom included in studies of global carbon and climate, tidal saline wetlands sequester ten times more carbon in their soil per unit area than more renowned terrestrial peatlands, without concurrently releasing any significant quantity of greenhouse gases [Chmura et al., 2003; Bridgham et al., 2006] . Growth of coastal salt marshes apace with future sea level rise could maintain this carbon sink in the future. Alternatively, models of multiple climate change and sea level rise scenarios predict the loss of zero to 65% of coastal salt marsh area by the year 2100. The fraction of coastal wetland loss is uncertain, but no net increases in global salt marsh area are predicted [Nicholls, 2004; Tol, 2007; Kirwan and Guntenspergen, 2009] . Some marshes will be submerged or eroded by rising sea levels and replaced by unvegetated tidal flats or open water [Morris et al., 2002; Marani et al., 2007; Kirwan and Murray, 2007; Craft et al., 2009] . Assessing the significance of coastal ecosystem change for adjacent terrestrial, marine, and human systems requires a better understanding of the differences between flooded and nonflooded coastal wetlands. Three factors motivated this investigation of energy, water vapor (H 2 O v ), and carbon dioxide (CO 2 ) flux between an intertidal salt marsh and the atmosphere during flooded and nonflooded conditions: (1) the possible widespread global conversion of coastal salt marshes to tidal flats or open water, (2) the intrinsic importance of flooding in wetlands, and (3) the utility of the salt marsh as a model wetland system.
[4] Studies of annual and seasonal budgets of water [e.g., Hughes et al., 2001; Morris, 1995; Gardner and Reeves, 2002] and of energy/carbon [e.g., Teal, 1962; Antlfinger and Dunn, 1979; Giurgevich and Dunn, 1982; Teal and Howes, 1996] have established that salt marshes exist at the intersection of terrestrial, marine, and atmospheric influences and are highly resilient under the influence of periodic flooding. The effects of flooding on salt marshatmosphere exchange have almost exclusively been studied at seasonal and annual time scales, e.g., increased flood frequency and duration has modest effects on monthly, seasonal, and annual net carbon balances [Miller et al., 2001] and perpetual flooding can kill salt marsh vegetation within three months [Linthurst and Seneca, 1980] . The mean water table height during the growing season is inversely related to net marsh release of CO 2 by respiration [Nyman and DeLaune, 1991; Magenheimer et al., 1996] .
[5] Documentation of the exchange of energy, H 2 O v , and CO 2 between a salt marsh and the atmosphere during individual, transient tidal flood events remains scarce [Kathilankal et al., 2008] , perhaps due to the logistical challenges to field work in transiently flooded conditions. In situ lysimeters, the most common means of monitoring the salt marsh water balance, are inoperable while they are submerged during flood events [e.g., Dacey and Howes, 1984] . Systematic reporting of the time-of-day and the time within the tidal cycle of coastal wetland field measurements is lacking and so it is difficult to determine from the literature whether flood-induced stomatal closure and transpiration cessation commonly occurs in the field in salt marshes, as occurs with many wetland plants [DeLaune et al., 1987; Pezeshki, 2001] . Last, many existing field methods, such as measurements of salt marsh plant gas exchange from net, long-term measurements of differential growth or biomass production, are not of a time scale suitable to distinguish the specific effects of individual flood events in salt marshes. The utility of existing models for simulating salt marsh ecosystem fluxes at high temporal resolution has not been tested.
[6] Flux measurements of H 2 O v and CO 2 gases have historically been labor-intensive and difficult to perform in deep standing water. Use of modern eddy flux systems in salt marshes is still infrequent [Kathilankal et al., 2008] . Data on salt marsh-atmosphere exchange during tidal flooding have been reported for conditions when the salt marsh was flooded during the summer, at midday, and to a depth of at least 0.25 m (∼36% of the vegetation canopy height) [Kathilankal et al., 2008] . Under these conditions, Kathilankal et al. [2008] found that flooding reduced the net carbon flux to the marsh, increased latent heat flux, and decreased sensible heat flux, based on eddy flux data. Our study sought to extend the understanding of salt marshatmosphere exchange during flooded conditions to floods of any depth and during the day or night and to examine the intertidal marsh surface energy balance in further detail. We considered the coupled fluxes of energy, H 2 O v , and CO 2 between the salt marsh and the atmosphere. We contrasted field methods for identifying the effects of flooding on wetland-atmosphere fluxes and modeling approaches for assessing the key characteristics of transient marsh-atmosphere exchange anomalies related to tidal flooding. The objective of this research was to answer two questions: (1) How do short-duration, transient floods affect the exchange of energy, water vapor, and carbon dioxide between intertidal salt marshes and the atmosphere?, and (2) What physical and biological system adjustments account for the salt marsh-atmosphere surface energy balance regimes of flooded and nonflooded conditions?
2. Methods 2.1. Field Site, Energy Balance Framework, and Measurements
[7] The field site was a 0.9 ha intertidal salt marsh in southern San Francisco Bay, within the Palo Alto Baylands Nature Preserve (37°27′54″N, 122°6′58″W, Figure 1 ). The site experiences mixed semidiurnal tides and a semiarid Mediterranean climate with winter precipitation (October to April, ∼39 cm/yr). At 1.02 ± 0.06 m above local mean sea level, the marsh plain is above mean high water and is flooded by the daily higher high tide on two thirds to three fourths of days during each 14 day spring-neap cycle. The salinity of far southern San Francisco Bay water typically ranges from ≥15 PSU during winter/spring rains to ≤30 PSU June-December (1 PSU ≈ 1 g/L) [Schemel et al., 2003] . Vegetation cover is complete and dominated in roughly similar proportion by the C 4 grasses Spartina foliosa and Distichlis spicata and the C 3 succulent Salicornia depressa (formerly S. virginica). The highest tides during the study period submerged short Spartina sprouts and partially submerged taller Spartina, Salicornia, and Distichlis.
[8] Wetland-atmosphere fluxes are driven by incident radiation. The net radiation (R n ) budget quantifies the net incoming shortwave radiation (downward S d less upward S u ) and longwave (downward L d less upward L u ) radiation (1). In wetlands, the surface is a combination of canopy, soil, and water, each of which have different thermal and reflectance properties.
The surface energy balance quantifies the dissipation of net radiation (R n ) by ground heat conduction (G) and by latent (lE) and sensible (H) turbulent heat convection and can be rearranged to compare the net available energy (AE) to the energy dissipated by land-atmosphere turbulent exchange (2). In this study, we further partitioned the ground heat flux during flooding into two components: soil heat flux (G s ) and the change in surface water heat storage (DS w ), combined in series.
[9] We quantified salt marsh-atmosphere exchange of energy, water, and CO 2 using a suite of techniques to measure (1) radiation, (2) turbulent exchange of sensible and latent heat and CO 2 , and (3) heat flux into the marsh surface (soil and water). Net radiation was calculated from measured gross upwelling and downwelling fluxes of shortwave and longwave radiation (measured with a Kipp & Zonen CNR1 net radiometer). Turbulent exchange of sensible and latent heat and CO 2 were measured using an eddy flux (EF) system, which calculates fluxes as the covariance between vertical wind speed and air temperature, water vapor content, or CO 2 concentration, for 30 min periods. Wind speed and temperature were measured using a 3-D sonic anemometer (Campbell CSAT3) and volumetric concentrations of CO 2 and H 2 O v were measured by a colocated fastresponse open-path infrared gas analyzer (Licor LiI-7500). To correct for systematic undermeasurement of daytime sensible and latent heat fluxes by the EF method, these fluxes were scaled, preserving the midday Bowen ratio, as discussed by Twine et al. [2000] . Details of this scaling, EF data processing, energy balance closure, and turbulent cospectra quality are in the auxiliary material.
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[10] Soil heat flux (G s ) was measured as the heat flux at 8 cm depth (Campbell HFP01SC) plus the change in heat storage from 0 to 8 cm calculated using four thermocouples placed at 2 and 6 cm depth (Campbell TCAV) in saturated marsh soils. The change in surface water heat storage (DS w ) in wetland environments is difficult to constrain due to the small water volume and its transient advection [Drexler et al., 2004; Lafleur, 2008] . We calculated this change in storage as the residual of the marsh surface energy balance measured during flood events, since the other components of equation (2) (R n , G s , H, lE) were all measured in the field. Additional methods to estimate DS w are contrasted in the auxiliary material.
[11] Two evaporation pans were installed to directly monitor potential evaporative flux. One pan was placed on the levee adjacent to the salt marsh, 10 cm off the ground, on wooden supports. This pan, 0.5 m above the marsh surface and above the reach of the tide, was analogous to pans employed in other intertidal marsh studies located among dry upland land cover [e.g., Hughes et al., 2001] . A second pan was fitted with flotation devices and tethered near the EF tower. The flotation height of this pan was such that the water surface in the pan was at nearly the same height as the flood waters but the pan was not inundated by the tide. Between tides this pan rested on the marsh sediments with its water surface among the vegetation (Spartina foliosa) canopy. The two pans were monitored manually and refilled with saline bay water as needed.
[12] Ancillary meteorological data were measured at a weather station 220 m from the EF tower in an adjacent, similar salt marsh (Onset HOBO Weather Station). The station recorded 10 min average measurements of downwelling shortwave radiation (separate from the measurements by the net radiometer at the EF tower), air temperature, relative humidity, horizontal wind speed, horizontal wind direction, and precipitation (none during study period). Data were recorded continuously from 15-26 September 2008. We compared data from two study periods to assess the effects of flooding high tides during the day (15-18 September) versus during the night (23-26 September).
Wetland-Atmosphere Exchange Models
[13] Given the relative difficulty of routinely collecting eddy covariance data to characterize salt marsh-atmosphere exchange, compared to ease of obtaining micrometeorological data, the utility of six micrometeorological models of land-atmosphere exchange for describing the intermittently flooded salt marsh system were tested in this study, summarized in Table 1 . Four models are common methods primarily influenced by the radiation incident upon the marsh surface. The few available calibrations of these models for intertidal salt marshes are cited among the results. Two additional models were constrained by leaf biochemical processes and were included in the analysis to better understand the relative role of plant physiology compared to net radiation in controlling the salt marsh surface energy balance. Each of the six models simplified land-atmosphere exchange via different key parameters, listed in the last column of Table 1 .
[14] The purpose of employing these six models was threefold. First, we sought to assess the applicability to intertidal salt marshes of generic "wetland" model parameterizations from the literature. To do so, we ran each model in a forward sense, using literature values (listed in the appendix) and temporally variable input from the field [Allen et al., 1998 ] [Collatz et al., 1991] data (net radiation, ground heat flux, air temperature, pressure, and humidity). Second, we sought to produce a calibrated suite of models to enable more accurate simulation of the intertidal salt marsh surface energy balance. We inverted the models to calibrate key parameters for three scenarios: for all measurements, for intervals between tides, and for flooded periods. Third, we sought to compare the ensemble of calibrated parameters to better-studied grassland-like systems in order to gain additional conceptual insight into the prominent characteristics of salt marsh-atmosphere exchange and specific ways the exchange is altered by transient flood events.
[15] The first four models represent the land-atmosphere exchange of water via latent heat (lE) in linear proportion to the net available energy (AE) or to the flux from an analogous evaporating (pan) system: the Priestley-Taylor, PenmanMonteith, Wessel-Rouse, and pan coefficient models. Hereafter we refer to these as the energy-driven models. We calculated the modeled sensible heat flux (H) as the energy balance residual of the modeled bulk latent heat flux (lE) and the measured net radiation (R n ), soil heat flux (G s ), and residual change in surface water heat storage (DS w ): i.e., only the lE and H components of the surface energy balance were modeled and the R n , G s , and DS w , components taken as equivalent to the measured values. Figure 2 . Salt marsh energy balance schematic. The net energy gained by the marsh during the middle of the (a and c) day or (b and d) night is the sum of the incoming and outgoing radiation components, equivalent to the net incoming radiation. The net energy loss from the marsh surface is the sum of latent and sensible turbulent fluxes from the marsh to the atmosphere and conductive heat loss to deeper marsh soils and to surface water, if any.
[16] The four energy-driven models characterize the flux of water by evapotranspiration as the product of the water vapor gradient between a saturated surface and an unsaturated atmosphere and a parameterized resistance to water vapor transport: explicitly, in the Penman-Monteith and Wessel-Rouse models or implicitly, in the coefficients of the Priestley-Taylor and pan coefficient models. The resistance term embodies the additional resistance imposed by the diffusion of water vapor from the interior of the leaf or the soil subsurface to the bulk atmosphere. The resistance imposed by the atmosphere is small for moderate-to-high wind speeds and the contribution from the soil may be small when vegetation is dense. Under these conditions, the dominant control on H 2 O v flux is stomatal conductance (g sv ). Ball [1988] found a strong relationship between stomatal conductance and the net photosynthetic rate of the leaf (A n ), the CO 2 concentration at the leaf surface (C s ), and the relative humidity at the leaf surface (h s ) (see Table 1 ), which has been validated for a wide variety of plant types. Because the leaf photosynthesis rate (A n ) is closely linked to light Note F C excursion toward zero during flood events (between vertical dashed lines) and concurrent change in R n , decrease in H, and increase in lE during and after flood events. availability and the leaf surface humidity is directly linked to the radiation-driven evaporation rate, the Ball-Berry formulation of stomatal conductance enables coupling stomatal conductance to the surface energy balance, provided A n can be calculated. The resulting combined photosynthesisstomatal conductance model [Collatz et al., 1991 [Collatz et al., , 1992 ] is now a standard method for linking the land surface and atmosphere in climate models and represents a fundamentally different modeling approach compared to the energy-driven models more often employed in hydrology. In the coupled model, stomatal conductance is calculated iteratively: a photosynthesis model estimates successive values of A n [Farquhar et al., 1980] and the Ball-Berry model estimates successive values of stomatal conductance. The key parameter in the photosynthesis model is the maximum carboxylation velocity (V m ) of the leaf (the enzymatic capacity to chemically fix CO 2 ), which varies between species and depends on the phenological state of the plant. The simulations of net photosynthesis (A n ) and transpiration from the leaf-level coupled model are scaled to the canopy level by: (1) subtracting from A n an estimate of nonleaf ecosystem respiration (R eco ) to calculate the canopy-level net ecosystem exchange (NEE), and (2) weighting soil and leaf contributions to evapotranspiration according to Beer's Law, which describes an exponential decrease in the amount of energy reaching the ground surface, scaled by the canopy leaf area index (LAI; see Table 1 ).
[17] The biochemical parameters used in the photosynthesis model were estimated by taking leaf chamber measurements of A n at different light and CO 2 levels for leaves of the C 4 grasses Spartina foliosa and Distichlis spicata and photosynthetic stems of the C 3 succulent Salicornia depressa (Salicornia leaves are vestigial). The plants were taken from the field site with intact root systems in August 2008 (2-3 weeks prior to the field study and a few days before laboratory measurements), kept in an outdoor greenhouse under natural light, and watered periodically with bay water. Prior to measurement, the selected leaves/stems were wiped clean of salt with a damp cloth and allowed to air dry. Leaf gas flux measurements (Licor LI-6400) were recorded after 30-50 min, once the fluxes had equilibrated to each change in light or CO 2 level. The specific measurement techniques and settings used for each plant species are described in the auxiliary material. The CO 2 and light response curves were analyzed with standard nonlinear curve fitting software (Levenberg-Marquart algorithm) to find the biochemical parameters (e.g., V m ) that minimized the difference between the observations and the Collatz et al. [1991 Collatz et al. [ , 1992 models for C 3 and C 4 plants.
Field Results

Nonflooded Conditions
[18] During nonflooded conditions, the salt marsh exhibited a midday energy balance dominated by outgoing longwave radiation reradiated from the surface, accounting for 62% of the radiation budget, and by the turbulent dissipation of energy via the sensible heat flux, accounting for 52% of the surface energy balance (Figure 2a ). This characterization of the nonflooded marsh during the daytime as a warm surface with significant canopy reradiation is consistent with the canopy energy balance of Spartina alterniflora and S. patens studied by Teal and Kanwisher [1970] . The magnitudes of latent and soil heat fluxes at midday during nonflooded conditions (19% and 10% of net radiation, respectively) were smaller than the magnitudes of reradiation and sensible heat flux. The ambient CO 2 concentration in the air above the marsh during nonflooded conditions exhibited a consistent diurnal cycle and measured net CO 2 flux from the marsh also varied diurnally ( Figure 3b ). These results were consistent with the average diurnal cycle of net CO 2 flux during the growing season reported by Kathilankal et al. [2008] . Net photosynthetic CO 2 uptake produced a downward (negative) flux during the day of up to 9.6 mmol/m 2 /s (median 2.3 mmol/m 2 /s), with maximum flux occurring in the late morning. This rate is comparable to NEE values reported by Cornell et al. [2007] for mature reference marshes measured under full sunlight (3-12 mmol/m 2 /s). The energy balance of the nonflooded marsh during the middle of the night (Figure 2b ) continued the daytime trend of the salt marsh as a warm surface, dissipating most of its heat load through reradiated thermal energy. The exposed salt marsh soil that was a heat sink during the day became a heat source at night. Net CO 2 release from soil and nighttime plant respiration produced an upward (positive) flux at night of up to 2.7 mmol/m 2 /s (median 1.0 mmol/m 2 /s), with maximum flux occurring soon after sunset.
Effects of Flooding
[19] A major finding was a pronounced reduction in salt marsh-atmosphere CO 2 exchange during tidal flood events in proportion to flood duration, especially important given the role of salt marshes as carbon sinks [Chmura et al., 2003; Bridgham et al., 2006] . Although shallow midday tides of short duration only partially suppressed marshatmosphere CO 2 exchange (e.g., 15 and 16 September, Figure 3b ), CO 2 exchange between the atmosphere and marsh was completely suppressed during the peak of long midday flood events (e.g., 17 September, Figure 3b ). This finding was consistent with the similar finding of Kathilankal et al. [2008] that "Surface energy fluxes changed in response to the tidal level, with increased latent heat and decreased sensible heat fluxes occurring during the midday high tide event. Tide-induced changes in diurnal patterns of energy fluxes and reduction in the carbon fluxes were observed when unusually high tidal levels were recorded." Our quantitative finding that the degree of the suppression of carbon flux was directly proportional to flood duration and depth was not previously reported by Kathilankal et al. [2008] or other authors, however. Our data from nighttime and early afternoon high tides contrasted with the finding of Kathilankal et al. [2008] that "[w]hen high tides did not occur concurrently with midday peaks in solar irradiance levels, no changes in diurnal carbon and energy fluxes were observed," since we observed such changes both at night and during the afternoon.
[20] Further analyzing the apparent proportionality between carbon flux suppression and tidal flooding, we found that the flood-induced suppression of midday CO 2 flux was more strongly correlated with tidal depth than duration ( Table 2 ). The suppression of CO 2 flux transitioned from partial to complete at a threshold between a flood duration of 2.47-2.80 h and a flood depth of 16.9-21.2 cm. This depth/duration threshold is curious compared to the maximum stem heights of key salt marsh species (Spartina foliosa ∼40 cm, Salicornia depressa ∼30 cm [Rosso et al., 2006] ). We attribute this phenomenon to the combined effects of the sudden, complete submergence of salt marsh soils, halting their large respiration flux, and the gradual, lagged effects of progressive occlusion of the emergent vegetation. The effects of flooding on soil-atmosphere CO 2 exchange are consistent with evidence that just 1-2 mm of flood depth can begin to suppress sediment (algal) photosynthesis by 48%-66% [Holmes and Mahall, 1982] and that surface flooding decreases respiration [Magenheimer et al., 1996] . We expect that the effects of flooding on the emergent vegetation are a nonlinear combination of indirect plant metabolism inhibition by soil water pressure or flood water temperature changes and direct partial submergence, restricting the gas flux able to diffuse through the flood waters.
[21] The latent heat flux and evapotranspiration between the salt marsh and the atmosphere were also strongly correlated with daytime flood event duration and depth, though more strongly with tidal duration (Table 2 ). The data of Kathilankal et al. [2008] from a midday flood of long duration and substantial depth in a Virginia, USA, salt marsh further support this observation, showing a proportionately greater effect of flooding on latent heat flux for their event of longer flood duration, compared to our field data ( Figure 3e ). The dependence of both CO 2 and H 2 O v fluxes during flooding on the magnitude of the flood event is consistent with the common influence of plant and soil metabolic activity on both fluxes. However, in contrast to the observed decrease in marsh-atmosphere CO 2 exchange during flood events, the latent heat flux increased at the end of, and following, daytime flood events. We attribute this phenomenon to increased moisture availability and decreased resistance to H 2 O v transport from open water compared to soil and plant leaves of magnitude large enough to offset the decreases in transpiration that must occur concurrently with the observed decreases in photosynthetic carbon uptake. Significantly, flood-induced augmentation of latent heat flux and suppression of CO 2 flux were observed even though the tidal stage remained beneath the vegetation canopy at all times.
[22] The large difference in H 2 O v flux by evapotranspiration during flooding compared to nonflooded conditions contrasted with the prevalent conceptual model that the evapotranspiration regime of salt marshes is very similar to that of open water systems [Hussey and Odum, 1992] . A number of factors might distinguish salt marsh evapotranspiration and open water evaporation rates for a particular case study, e.g., air and water temperature differences, vegetation phenology, antecedent water and salt stress, soil moisture, and canopy closure. Based on observations of wetland latent heat flux and carbon exchange, it is also possible to estimate the amount of flux due to vegetation transpiration versus soil or water undercanopy evaporation (E) as in equation (3). We first calculated total photosynthesis by subtracting from the measured net ecosystem carbon exchange (NEE) the ecosystem respiration rate (R eco ). We used the mean measured nighttime NEE rate (R eco = 0.86 mmol/m s /s, this study) as an estimate of the ecosystem respiration rate, which is consistent throughout the day in many ecosystems. Laboratory measurements of leaf gas flux yielded estimates of the leaf instantaneous transpiration efficiency (ITE), the ratio of CO 2 uptake to H 2 O v loss via simultaneous molecular diffusion through plant leaf stomata. Our laboratory data produced average ITE values of about −6 for Salicornia depressa, −12 for Spartina foliosa, and −9 for Distichlis spicata at ambient light and CO 2 levels, resulting in an area-weighted average estimate of ITE = −9 mmol CO 2 /mmol H 2 O v for a marsh codominated by these three species. Our ITE estimates agree well with those of other authors (e.g., ITE ≈ 10 mmol/mmol, Jiang et al. [2009] for Spartina alterniflora in China in late summer; ITE ≈ 14 mmol/mmol, Teal and Kanwisher [1970] for Cape Cod Spartina alterniflora on a cool, humid day). Unit conversion of the calculated flux from mmol/m 2 /s to W/m 2 completed the estimation of the amount of the latent heat flux associated with plant transpiration (3).
Transpiration latent energy
According to this estimation method, we found that transpiration accounted for 13% of daytime latent heat flux in the salt marsh, on average, and that this transpiration flux was suppressed during tidal flooding (along with NEE) even as the evaporative portion of the latent heat flux increased during and following marsh flooding.
[23] In addition to tidal effects on CO 2 and H 2 O v fluxes, tidal flooding significantly increased the total magnitude of energy exchanged between the marsh and the atmosphere and changed the relative importance of each of the energy balance components (Figures 2c and 2d) . The correlation between the decrease in the sensible heat flux from the marsh and tidal depth and duration was also significant, more strongly correlated with tidal depth than duration during the day (Table 2) . We attribute this phenomenon to the prolonged exposure of the marsh to tidal waters that had a higher (nighttime) or lower (daytime) surface temperature than the air and marsh surface. Due to the small magnitudes of sensible and latent heat flux at night, the correlations between these fluxes and tidal depth and duration at night were inconclusive. Flooding also induced subtle changes in ambient atmospheric conditions (wind speed, air temperature, relative humidity). The energy balance results are illustrated in Figures 2-4 and summarized in Table 3 , and the maximum effects are described in the following. Effect was apparent and of consistent direction but a percentage change was not calculated due to inconsistent magnitude or ambiguous nonflooded baseline condition.
[24] During midday tidal flooding the salt marsh was a cool, wet surface, in contrast to its warm-surface characteristics during nonflooded conditions. Flooding effected a 10% increase in the net radiation incident upon the marsh surface via reductions in surface-emitted longwave radiation and in surface-reflected shortwave radiation (Figures 4b and 4c) . The decrease in reflected shortwave radiation during floods was associated with a reduction in the minimum daily albedo from 0.089 during nonflooded conditions to 0.073 during flooded conditions. During midday floods, the increased heat load due to the net radiation increase was augmented by large concurrent reductions in sensible heat flux ( Figure 3d ) and in soil heat flux from the marsh surface (Figure 4d ). The surface energy balance was maintained by a large, temporary heat flux into the flood waters ( Figure 4e ) and an increase in the latent heat flux from the marsh during and after the floods (Figure 3e ).
[25] At night, the warm tidal waters increased the amount of longwave radiation reradiated by the marsh surface compared to nonflooded conditions and so reduced the net radiation peak by 32%. Nighttime flooding by tidal waters warmer than the air also reversed the direction and increased the magnitude of the soil heat flux (Figures 3d and 4d ). The energy for these changes was supplied by the warm tidal waters, which we conceptualize as a capacitor that is progressively "charged" with heat during the day (while exposed as a shallow layer over the marshes and mudflats) that is released to the marsh and air during high tides, especially at night.
[26] Additional indirect effects of flooding on marshatmosphere linkages appeared in the data on wind speed, ambient air temperature, and relative humidity during flood events. Nongust wind speeds during midday flood events were up to 41% greater than during similar nonflooded periods, perhaps due to decreased roughness of mudflats and salt marshes in the fetch area during flooding (Figure 4i ). Despite patently different air temperatures between the first (15-18 September) and second (23-26 September) study periods, small anomalies in the shape of the air temperature history occurred coincidentally with the times of floods on almost every date (Figure 4f ). Nighttime flooding by water warmer than the air slightly increased air temperature, due to the large, temporary heat flux from flood waters to the atmosphere; this effect was large enough to quantify (Table 3 ). This repeated, transient phenomenon qualitatively confirmed that flooding of the marsh by water at a different temperature than the air and marsh subtly changed air temperatures according to the change in the sensible heat flux. Despite distinctly different midday relative humidity between the first and second study periods, small positive anomalies in the relative humidity history coincided with the times of midday floods, likely a consequence of the increased evaporation and altered air temperature at these times (Figure 4h ). For the short-duration flood events of this study, these indirect effects of flooding on the environmental conditions surrounding the marsh system were slight, transient, and rapidly reversible; for longer-duration flood events, however, such changes in ambient atmospheric conditions might feed back on marshatmosphere exchange, further altering the balance of heat, water, and carbon exchange between the marsh and the atmosphere.
Energy-Driven Simulation Results
[27] Energy-driven exchange between our intermittently flooded salt marsh site and the atmosphere was poorly represented by forward simulations based on parameter values obtained from the literature for wetlands. The Priestley-Taylor (PT), Penman-Monteith (PM), and WesselRouse (WR) models consistently overpredicted the average daily latent heat flux, failing to adequately describe the partitioning of the surface energy balance in the salt marsh even during nonflooded conditions. The best of the forward model results were from the pan coefficient model based on the median measured evaporation rate from the floating evaporation pan deployed among the marsh vegetation (MP). The pan coefficient models produced fluxes of appropriate average magnitudes and exhibited strong correlations with the eddy flux data time series'.
[28] We used our field data to invert the energy-driven models and calibrate key parameters. For each energydriven model, we found the three parameter sets that best fit three different subsets of the field data, from (1) nonflooded periods only, (2) flooded periods only, and (3) all times during the study period. The PT, PM, and pan coefficient models were inverted by solving for the parameter of interest (listed in Table 1 , last column) as the slope of a best fit line to the lE data with an intercept of zero. To calculate the two parameters of interest in the WR model we found the parameter pair that minimized the sum of squared differences between the model results and field data.
[29] Following calibration via these inversions, the PT, PM, and WR model estimates of average salt marshatmosphere fluxes compared well with the field data ( Table 4 ). The initially good flux estimates from the pan coefficient method were fine tuned by calibration to better match the field data. (Because the MP and LP pans both were modeled based on scalar median evaporation rates, separate linear calibration of the two pans resulted in identical calibrated flux results.) The pan coefficient models provided the best fit to the eddy covariance data after calibration. Parameter calibration served mainly to reduce the estimate of available energy dissipation by latent heat flux in the four energy-balance models. Detailed model results and correlations between the field data and the precalibration and postcalibration results are illustrated in the auxiliary material.
Energy-Driven Exchange: Nonflooded Conditions
[30] The energy-driven simulation results suggested a conceptual model of the surface energy balance of a nonflooded salt marsh as similar to that of a sparse crop. The inverted PM and WR models required high canopy resistances to H 2 O v transport (r sc, 171 to 248 s/m, Table 5 ) to match the field data, comparable to those used by Shuttleworth and Wallace [1985] for sparse crops: if adjusted to a LAI ≈ 1, their r sc = 200 s/m. These values were much higher than the initial r sc = 5 s/m value we tested [after Hughes et al., 2001] . The magnitudes of the best fit canopy resistances suggested that the "big-leaf" approximation of the PM model and the small soil contribution permitted in the WR model by its area weighting method were both poor approximations of the salt marsh. The persistently high water content of the marsh soils and their potential to host microphytobenthic algae may have augmented the role of the soil in the overall salt marshatmosphere transaction measured by the field data. The "sparse crop" interpretation is supported by the similarity of the magnitudes of the best fit soil and canopy resistances in the WR model, indicating that canopy and soil contributions to the latent heat flux were both important in the marsh water balance. Alternatively, large canopy resistances could be due to plant water limitation (e.g., by soil salinity or hot, dry winds) or to leaf maturity and senescence [Monteith, 1965] , but these possibilities are less well supported by our field observations than the sparse crop-like conceptual model.
[31] We found that salt marsh latent heat flux during nonflooded conditions was not as strongly driven by the available radiation as in other open water and wetland examples. This observation was based on the calibrated Priestley-Taylor (PT) model, which required a significantly reduced scaling coefficient (a′ , Table 5 ) to match the field data. In comparison, a′ values greater than one are typical for open water and wetlands [Priestley and Taylor, 1972] . Low soil moisture, often invoked to explain low a′ values, did not occur in our salt marsh. Although salt-induced salt marsh water stress has been hypothesized, salt marsh plant species are generally well enough adapted to the saline environment to avoid physiological drought [Kuramoto and Brest, 1979; Drake, 1989] . Our calibrated a′ values were similar to those reported by German [2000] for the Florida Everglades. German suggested that low a′ values used to model flooded Everglades grasslands represented a large fraction of the radiation load being partitioned to heating plants, soil, and debris and so elevating the sensible heat flux (H) relative to the latent heat flux (lE). This explanation of a heating-dominated nonflooded salt marsh ecosystem was supported at our salt marsh site by a measured median daytime Bowen ratio greater than unity (b = H/lE = 1.20) and median partitioning of only 42% of available energy into latent heat flux during nonflooded conditions and is consistent with our parsimonious conceptual model of the nonflooded salt marsh as if a "sparse crop" canopy.
Energy-Driven Exchange: Flooded Conditions
[32] During flooded conditions, the ensemble of calibrated model parameter values described a system in many ways opposite to the nonflooded salt marsh. Instead of large canopy resistances to H 2 O v exchange, the inverted PM and WR models best matched the field data using values similar to the standard reference crop value (our r sc = 67 to 74 s/m compared to r sc = 70 s/m [Allen et al., 1998] ). This result suggested that transient floods temporarily converted the marsh surface energy balance to be more similar to that of well watered short grass than a sparse crop. A larger PT coefficient (a′) during flooding was consistent with a measured median daytime Bowen ratio below unity (b = 0.92) at these times and with the majority of available energy (52%) being partitioned into measureable latent heat flux. The pan coefficients resulting from model calibration to flooded conditions also suggested significant energy was partitioned into latent heat flux during flooding.
[33] These multiple phenomena suggest a temporary regime shift during flooding from a nonflooded salt marsh influenced by net heating to a flooded salt marsh experiencing net evaporative cooling. At our site, this regime shift occurred despite the significant temporary heat uptake of the surface water, which doubled the amount of available energy partitioned to the salt marsh substrate (soil and/or water) during midday flood events. Even as the latent heat flux and evapotranspiration from the marsh increased during and after flooding, CO 2 flux was decreased. [34] We suggest that the changes in H 2 O v and CO 2 fluxes between the salt marsh and atmosphere due to flooding were due to direct and indirect effects on plant photosynthesis and transpiration, soil respiration, evaporation, and open water evaporation. The direct effects of flooding included the supply of standing water and the temporary physical occlusion of plants and soil (partial or complete submergence). Indirect effects of flooding included: altered leaf and soil temperatures affecting evapotranspiration, photosynthesis, and respiration rates; changes in the amount of radiation available to drive photosynthesis and photorespiration; perturbed ambient air temperature, relative humidity, and wind speed, affecting the rates of turbulent exchange; and changes in turbulent exchange rates due to temporally variable surface cover and bulk surface resistance.
Modeled Micrometeorological Effects of Flooding
[35] Evaporative cooling was of fundamental importance in our late summer salt marsh at both high and low tidal stages. The contrast between the two calibrated pan coefficient models highlighted the importance of evaporative cooling at both the local (m) and ecosystem (km) scales. The pans were separated by a distance of only 50 m, but one pan was located among the marsh vegetation (MP) and the other located on an adjacent, dry levee (LP). A pan evaporation scaling coefficient value of K ≈ 1 for the evaporation pan deployed in the marsh vegetation (MP) suggested salt marsh latent heat flux and evapotranspiration rates were similar to open water [Hussey and Odum, 1992] , provided that the water was subject to the same micrometeorological conditions as the salt marsh surface and vegetation. A very different K value for the levee pan (LP) of K ≈ 0.6 was consistent with the findings of Hughes et al. [2001] . This contrast in scaling coefficients emphasizes the role of micrometeorological conditions in salt marsh-atmosphere energy exchange and the resulting differences in the local energy balance among the salt marsh vegetation canopy versus on the hot, dry levee. Surprisingly, despite the difference in the pan locations, the two pan coefficient models exhibited almost the same percent increase in the calibrated value of K between nonflooded and flooded conditions: 16% for the marsh pan, 16% for the levee pan.
Role of Leaf Metabolism in Salt Marsh-Atmosphere Exchange
[36] Our data analysis and assessment of four energydriven models provided insight into marsh-scale exchange processes but did not capture the role of plant-scale biophysical controls in such exchange. The two leaf metabolism models produced independent estimates of H 2 O v and CO 2 fluxes, calculated in a manner that accounted for leaflevel biophysical coupling of energy, H 2 O v , and CO 2 exchange. This coupling is, in large part, mediated by the biophysical functions of the vegetation: a fraction of the available solar radiation is used to evaporate water from soil, plant stomata, or open water as latent heat flux (lE) but the fraction of lE accounted for by plant transpiration occurs only to the extent that plant leaf stomata are open to permit the diffusion of atmospheric CO 2 into the leaf. The net ecosystem exchange (NEE) of CO 2 is the net photosynthetic carbon assimilation (A n ) less total respiration. Feedbacks between latent heat flux, photosynthesis, and stomatal conductance occur via dynamic adjustment of stomatal apertures, temperature-dependent leaf metabolic rates, direct leaf cooling via transpiration, and temporally variable leaf reflectance.
[37] At moderate light levels and ambient CO 2 concentrations, plant leaf photosynthesis as described by the C 3 and C 4 metabolism models is primarily limited by the capacity to fix CO 2 (i.e., the maximum carboxylation velocity, V m ) and plant leaf transpiration is governed by the Ball-Berry model slope (m), representative of the sensitivity of the stomatal aperture to ambient conditions and the photosynthetic rate. At the canopy level, the net plant leaf photosynthesis is offset by nonplant ecosystem respiration, reducing the net CO 2 flux, and the plant leaf transpiration is augmented by evaporation from underlying soil or water surfaces (see Table 1 ).
Simulation of Salt Marsh Canopy Biophysics
[38] We tested the sensitivity of the simulations of salt marsh canopy biophysics by employing five parameter sets for each model. The selected C 3 [Collatz et al., 1991] and C 4 [Collatz et al., 1992] model parameter values are in Table 6 and all parameters are listed in the appendix. We also combined the C 3 and C 4 model results using an area weighting approach to better represent the contributions of both C 3 and C 4 salt marsh vegetation to the wetland-atmosphere exchange measured by the eddy flux system (Table 6 , in bold).
[39] Tradeoffs in the effects of the maximum CO 2 carboxylation rate (V m ) on net photosynthesis (A n ) and of the stomatal sensitivity (m) on stomatal conductance and so on A n and the transpiration rate (E), resulted in the ability of multiple parameter sets to match the field data reasonably well at all measurement times. The best fit parameter sets (calibration scenarios D and E, Table 6 ) were obtained by trial-and-error adjustment of the H 2 O v and CO 2 flux parameters (m, b A ) to best match the field data, on average. The remaining parameter values were calculated from upscaled laboratory measurements of leaf gas flux. Due to the larger leaf area of a canopy (LAI > 1) compared to a leaf (LAI = 1), the effective upscaled canopy-scale maximum carboxylation rate was approximately V m,leaf × LAI (scenarios C, D, and E, Table 6 ) [Baldocchi and Meyers, 1998 ]. Not accounting for this upscaling resulted in underestimation of CO 2 and H 2 O v fluxes between the salt marsh and the atmosphere (scenario B, Table 6 ). The effect of using an average LAI value for the entire marsh or distinct LAI values for the C 3 and C 4 marsh constituents was minimal (compare scenarios D and E, Table 6 ). The values of m and b A required to match the field data were slightly higher than the literature values, possibly reflecting the wet salt marsh environment in which plant stomatal apertures need not be tightly controlled (higher m values enable larger stomatal conductance for given ambient conditions) and the high levels of nonplant respiration following the peak growing season.
[40] Our biophysical simulation results confirm that the single most important parameter describing the rate of salt marsh-atmosphere gaseous exchange is the average maximum carboxylation velocity of the salt marsh species (V m , in units of mmol/m 2 s in the following). The values of average salt marsh canopy-level V m from our laboratory tests were within the range of existing C 3 and C 4 literature values, e.g,., our C 3 V m,canopy = 42, and C 4 V m,canopy = 33, compared to C 3 V m = 100 [Collatz et al., 1991; Sellers et al., 1996] , C 3 V m = 42 [Knorr, 2000] , C 4 V m = 39 [Collatz et al., 1992] , C 4 V m = 30 [Sellers et al., 1996] , and C 4 V m = 8 [Knorr, 2000] . At the leaf level, our data contrasted with that of Pearcy and Ustin [1984] , with leaf-level V m values calculated from our data of C 3 V m,leaf = 14 and C 4 V m,leaf = 11, compared to values we calculated from their data of C 3 V m,leaf = 99 and C 4 V m,leaf = 55. The very high values of V m resulting from the data of Pearcy and Ustin [1984] are likely due to the growth of their plants in low-salinity and high-light conditions in the laboratory, compared with more variable and high-salinity field conditions. Our laboratory measurements of the response of C 4 Spartina foliosa plants from the field to changing light and temperature levels (in August) were almost identical to those by Giurgevich and Dunn [1979] for tall Spartina alterniflora measured in situ in July. In general, our V m values were lower than literature estimates, highlighting multiple important considerations: (1) measurement on plants extracted from the field, with field-level (high) soil salinities; (2) measurement after the peak growing season (late August, compared to mid-July); and (3) late season nitrogen limitation and repartitioning of carbon from plant shoots to plant roots, resulting in lower rates of new CO 2 fixation. This last factor, late season nitrogen limitation and shoot-to-root carbon partitioning, was invoked to account for low V m values calculated for a Kazakh grassland by Wolf et al. [2006] . This explanation is also plausible in salt marshes given that: (1) reallocation of biomass from shoots to roots is known to occur in temperate salt marshes following the growing season [Gallagher, 1983; Lana et al., 1991; Steinke et al., 1996] , (2) the maximum photosynthetic rate of salt marsh Spartina for a given amount of light has been shown to decrease at the end of the growing season [Giurgevich and Dunn, 1979] ; (3) salt marshes are typically at least partially nitrogen limited [Simas and Ferreira, 2007] ; and (4) low soil nitrogen availability is correlated with high salt marsh root biomass [Valiela et al., 1976] and with low soil respiration [Wigand et al., 2009] , such as was measured during our late-growing season study (small NEE at night in September). The efficiency of photosynthetic electron transport within submerged versus emergent leaves is another potentially relevant biophysical process [Kathilankal et al., 2008] , although outside the scope of this study's focus on the rate controls of the Calvin cycle.
Summary and Conclusions
[41] This study identified and quantified the transient effects of short-duration flood tides on the exchange of energy, H 2 O v , and CO 2 between an intertidal salt marsh and the atmosphere and characterized the biophysical operation of the salt marsh vegetation canopy. The surface energy balance of the nonflooded salt marsh was similar to that of a [1996] , Biomes 6 (C 4 ) and 9 (C 3 ). Estimate of b A based on the Spartina marsh carbon balance of Teal [1962] .
d Leaf-level uncalibrated model parameters from laboratory gas flux measurements on plant leaves: C 3 Salicornia depressa; C 4 Spartina foliosa and Distichlis spicata. sparse crop, with soil and canopy each accounting for large portions of the energy, water, and carbon exchange. During flooding, the marsh energy balance temporarily shifted to be similar to that of a well watered grass reference crop. The degree to which flooding affected energy, water, and carbon exchange between the salt marsh and the atmosphere was strongly correlated with the depth and duration of the flood tide. Increased latent heat flux during and following flood tides was positively correlated with flood duration. Net ecosystem exchange during flooding was negatively correlated with flood depth since exchange was suppressed during flood tides. Our data suggested a flood depth/duration threshold below which marsh-atmosphere carbon exchange was only partially suppressed by flooding and above which it was completely suppressed. Changes to the salt marsh surface energy balance during flooding were dominated by large, temporary changes in the soil heat flux and the surface water heat storage, concurrent with smaller, but important, changes in the latent heat flux, sensible heat flux, and components of net radiation. The tidal flood waters acted as a heat capacitor, storing energy during the day, when cooler than ambient conditions, and releasing it at night. Spatial micrometeorological heterogeneity within the salt marsh played an important role in the energy balance of a given marsh location.
[42] The salt marsh was well described by leaf-level measurements upscaled to the canopy-level and applied via a coupled photosynthesis-stomatal conductance model that had not previously been tested for a salt marsh ecosystem. A key factor enabling the simulation of marsh-atmosphere exchange of water and CO 2 by the coupled model was the temporal correspondence of the data collected on leaves and in the field (August and September, this study), especially given the known seasonal variation in photosynthetic rates of some salt marsh plants [Giurgevich and Dunn, 1979] . We also found that, to be representative, it is important that leaf measurements be obtained from salt marsh plants grown in situ. Good estimates of leaf area index and of the relative leaf daytime respiration factor, Sellers et al. [1996, leaf daytime respiration factor, T a data were from the average of the weather station and sonic anemometer data. A short data gap on 18 September from 1027 to 1627 LT (local time is Pacific daylight time) was filled with the average of T a recorded the day before and the day after at the same time of day. c Data for u were from the average of the weather station and sonic anemometer data. Short data gaps were filled by linear interpolation. The linear interpolations were qualitatively consistent with the trends in u on days with data at the same time of day. Gaps occurred on 15 September, 0000 to 0920 LT; 18 September, 1027 to 1627 LT; 18 September, 2328 LT, to 19 September, 0834 LT; 22 September, 2328 LT, to 23 September, 0848 LT; and 24 September, 0037 to 0815 LT. d RH data were from the weather station. A data gap from 16 September, 1023 LT, to 18 September, 1027 LT, was filled with RH estimated from the ambient water vapor concentration measured by the eddy flux system (Q a ): RH est = Q a /Q Ta *. The saturation vapor content (Q Ta *) was calculated from the combined weather station and sonic anemometer air temperatures (T a ): Q Ta * = 5.018 + (0.32321 × T a ) + (8.1847 × 10 −3 × T a 2 ) + (3.1243 × 10 −4 × T a 3 ). Since this method is known to be uncertain, this estimate was then adjusted to a best fit linear regression match to the available RH data from the weather station: RH new = 1.3951 × RH est − 21.5934 (r 2 = 0.92). A further short data gap from 18 September, 1027 to 1627 LT, was filled with the average of RH from the day before and the day after at the same time of day. e Salt marsh leaf temperatures (T l ) are stable relative to air temperature (T a ) [Teal and Kanwisher, 1970] , so to simplify the calculations we parameterized T l as a linear function of T a based on laboratory gas flux chamber experimental data from all three major plant species at our site (Spartina foliosa, Salicornia depressa, Distichlis spicata): T l = 0.591 × T a + 10.276 (r 2 = 0.96). f P data were from the weather station. A data gap from 16 September, 0921 LT, to 18 September, 1741 LT, was filled with the average of P recorded the day before the gap and the day after the gap at the same time of day. P values were consistent day-to-day, facilitating this method. g All other C 3 model parameters as given by Collatz et al. [1991] , except for maximum quantum efficiency and sucrose colimitation factor, which are as given by Sellers et al. [1996, Biome 9] . h All other C 4 model parameters as given by Collatz et al. [1992] , except for maximum quantum efficiency and sucrose colimitation factor, which are as given by Sellers et al. [1996, Biome 6] .
cover fractions of C 3 and C 4 plants were also important in enabling the upscaling of leaf-level data to the ecosystem scale. Last, the contributions of the moist salt marsh soil to ecosystem respiration and to plant water management, enabling high stomatal conductance, were important, in accord with the joint contributions of canopy and soil to the energy, water, and carbon fluxes observed in the field. The observed net ecosystem exchange of the marsh enabled estimation of the relative magnitude of transpiration as about 13% of total midday evapotranspiration, although this estimate entailed large uncertainty due to the limited data and rough estimation of transpiration efficiency from laboratory data. Yet, the improved understanding of the relationship between leaf-level biophysical processes and canopy-level salt marsh-atmosphere exchange in salt marshes explored by this study should improve future assessment and prediction of salt marsh ecosystem function.
[43] This study focused on the transient effects of tidal floods in saline coastal marshes. Although each tidal flooding event may be small and short, the cumulative period that an intertidal marsh is flooded may be significant despite the short duration of each event. As a conservative estimate, if a marsh is flooded by only the top 10% of a sinusoidal diurnal tide on only one third of days, it is underwater 12% of the time, though for low-elevation marshes this fraction may be up to 30% [Cornu and Sadro, 2002] . Coastal salt marshes are known to cover 0.22 Mkm 2 in North America, Europe, and South Africa alone, not including significant areas in South America, New Zealand, Oceania, and Asia, nor tropical coastlines fronted by mangroves, which frequently support backbarrier salt marshes [Chmura et al., 2003; Bridgham et al., 2006] . Though this conservative estimate of global salt marsh area accounts for only about 5% of global wetland area, the salt marsh area is incompletely counted and still the effects of tidal saline wetlands on the global carbon balance are potentially ten times greater than other wetlands of comparable size (e.g., peatlands [Chmura et al., 2003] ). The results of this study therefore suggest that more than 5% of global wetlands are experiencing a previously undocumented, radically different land-atmosphere exchange regime 10%-30% of the time, while temporarily flooded. Coastal wetlands may continue to serve as useful model systems for investigating wetland flooding in general, particularly as future climate change may increase the importance of flooding in coastal wetlands due to sea level rise.
Appendix A
[44] One of the purposes of this study was to evaluate the accuracy of six common models used to calculate intertidal salt marsh evapotranspiration with generic "wetland" parameter values from the literature and ambient micrometeorological data. The six models are summarized in Table 1 of the main text. Such a literature-based, uncalibrated approach is common in studies seeking to model salt marsh hydrology because there have been few data published prior to this study that might be used to calibrate the models specifically for salt marshes. Four energydriven models are commonly applied in this literaturebased manner, the Priestley-Taylor, Penman-Monteith, Wessel-Rouse (weighted Penman-Monteith), and pan coefficient models. Biochemical models of C 3 and C 4 plant leaf metabolism had not been used to calculate the evapotranspiration of halophytic salt marsh vegetation prior to this study, and so it was especially important to define the parameters extracted from the literature for use in these models. Table A1 defines the variables in each of the six models and lists the representative "wetland" values from the literature used in uncalibrated model calculations. The footnotes in Table A1 also specify details of micrometeorological data processing.
